Considerable information is available on naphthalene degradation and metabolism. Hepatic metabolism of naphthalene proceeds via oxidative formation of an intermediate arene oxide (28) . This reaction is catalyzed by a monooxygenase and is characterized by the incorporation of one atom of oxygen into the hydrocarbon substrate. The 1,2-naphthalene oxide formed can spontaneously isomerize to 1-naphthol by a reaction that has been termed the NIH shift (11) . Alternatively, the 1,2-naphthalene oxide can undergo enzymatic hydration by the enzyme epoxide hydrase to yield trans-1,2-dihydroxy-1,2-dihydronaphthalene (transnaphthalene diol) (33, 34) . Another reaction of the naphthalene oxide is conjugation, both spontaneously and by enzymatic catalysis with glutathione, which leads to mercapturic acid formation (26, 28, 38) .
Until recently, bacteria were thought to metabolize aromatic hydrocarbons through transdihydrodiols (22, 30, 41, 42) . Investigations in our laboratory implicated cis-3,5-cyclohexadiene-1,2-diol (cis-benzene diol) as an intermediate in the oxidation of benzene by Pseudomonas putida. Subsequent experiments with 1802 showed that both oxygen atoms in cis-benzene diol were supplied by molecular oxygen (18) .
Jeffrey et al. identified cis-1,2-dihydroxy-1,2-dihydronaphthalene (cis-naphthalene diol) as an intermediate in the oxidation of naphthalene by P. putida (23) . cis-Naphthalene diol formation during naphthalene oxidation by Pseudomonas species NCIB 9816 has also been reported (7) .
cis-Dihydrodiols have now been implicated as intermediates in the bacterial metabolism of a variety of aromatic hydrocarbons and related compounds (19, 21) . Table 1 lists the diols known to be formed from polycyclic aromatic hydrocarbons by microorganisms. Although trans-dihydrodiols have been reported as bacterial metabolites, the identification procedures used would not have differentiated between cis and trans isomers. It is conceivable that bacteria differ from mammals in the mechanisms used to incorporate molecular oxygen into the aromatic nucleus.
Fungi have also been shown to possess the ability to metabolize aromatic compounds (4, 15, 16, 39) . In 1970, Auret et al. reported that aryl oxidative enzymes of fungi appear to be similar to monooxygenases of hepatic microsomes since both display the NIH shift and have broad substrate specificities (4). Ferris and co-workers (15) confirmed this observation by showing monooxygenase activity in Cunninghamella bainieri by the aryl hydroxylation of anisole, aniline, and naphthalene. When C. bainieri was incubated in the presence of naphthalene, the metabolites trans-naphthalene dihydrodiol, 1-naphthol, and 2-naphthol accumulated. The ratio of 1-naphthol and 2-naphthol was 9:1, which is very similar to the results obtained with in vivo and in vitro mammalian systems (28) . Ferris further confirmed the similarity between fungal and mammalian metabolism of aromatic compounds by detecting cytochrome P-450 in cell extracts of C. bainieri (16) . Smith and Rosazza have also presented evidence that naphthalene is metabolized to 1-naphthol and 2-naphthol by six different genera of fungi (39) . This report describes a detailed analysis of the metabolites formed from naphthalene by C. elegans. In addition to the metabolites described above, three new fungal products have been isolated and identified.
MATERIALS AND METHODS Organism. The isolation and characterization of After 72 h the mycelial pellets were harvested by filtration on cheesecloth and resuspended to the original density in 400 ml of Sabouraud dextrose broth. Naphthalene (200 mg) was added to each flask. These flasks were incubated, as described above, for 24 h.
For production and isolation of transformation intermediates, two sets of controls were included. One flask contained sterile Sabouraud dextrose broth and 0.5 mg of naphthalene per ml without microorganisms. The other control contained sterile Sabouraud dextrose broth without naphthalene.
Samples of each culture were examined by phasecontrast microscopy before extraction and recovery of transformation products. No contamination was detected.
Extraction and detection of transformation products. After 24 h the mycelium was filtered, and the culture filtrate was extracted with 3 volumes of ethyl acetate. The organic layer was dried over anhydrous sodium sulfate, and the solvent was removed in vacuo at 300C. The residue (1.54 g) was examined for metabolic products by thin-layer, gasliquid, high-pressure liquid, and silica gel column chromatography and compared with the residues obtained from each control.
A (wt/vol) methanolic solution of 2,6-dichloroquinone-4-chloroimide (Gibbs reagent) and also by use of ultraviolet light. Radioactive zones on thin-layer plates were detected by autoradiography, with Kodak X-ray film (blue-sensitive SB-54). Radioactivity was measured by liquid scintillation counting, using 1 liter of 1,4-dioxane containing 100 g of naphthalene, 6.0 g of 2,5-diphenyloxazole, and 0.3 g of 1,4-bis- [2] -(5-phenyloxazolyl)benzene as scintillation fluid.
A Waters model 440 high-pressure liquid chromatograph equipped with a 254-nm photometer was employed for analytical separations of product mixtures. Separation was achieved with a ,uBondapak C18 column. The initial solvent composition was 50% methanol and 50% water, and the final composition was 85% methanol and 15% water at a flow rate of 0.8 ml/min for 30 min.
Gas-liquid chromatography was carried out in a Varian model 7610 gas chromatograph with a flame ionization detector at 250°C. It was equipped with copper column (10 feet by l/8 inch [ca. 3 m by 32 mm]) packed with 10% Apiezon L on Chromosorb W-60-80. Helium gas was used as the carrier at a flow rate of 3.0 liters/h. Chemicals. Naphthalene (99.95%) was obtained from Aldrich Chemical Co.
[14C]naphthalene with a specific activity of 5.10 mCi/mmol was purchased from Amersham/Searle. trans-1,2-Dihydroxy-1,2-dihydronaphthalene was a generous gift from L. A.
Kapicak, Union Carbide Corp. cis-1,2-Dihydroxy-1,2-dihydronaphthalene was prepared as described previously (25) . 1-Naphthol, 2-naphthol, 1,4-naphthoquinone, and 1,2-naphthoquinone (J. T. Baker Co.) were purified by vacuum sublimation before use.
RESULTS
Preliminary investigations. C. elegans cells were incubated with naphthalene for 24 h. Thin-layer chromatographic analysis ofthe culture filtrate revealed the presence of six transformation products. Each product absorbed ultraviolet light and gave a characteristic color with Gibbs reagent. To ascertain that the products were indeed derived from naphthalene, the experiment was repeated with [14C]naphthalene. Six radioactive products were observed that corresponded to the metabolites located on thin-layer chromatograms by Gibbs reagent.
Isolation of transformation products. The residue (1.54 g) obtained from incubation of C. elegans grown in the presence of naphthalene was dissolved in a small volume of chloroform and applied to the top of a silica gel column (30 by 3 cm). The column was eluted with chloroform, and 20-ml fractions were collected. After 30 fractions had been collected, the eluting solvent was changed to chloroform-methanol (99:1). Products eluting from the column were detected by thin-layer chromatography. Fractions containing separated products were pooled, and the solvent was removed in vacuo at 30°C. The results of the column chromatographic separation are given in column eluate, the column was washed with chloroform-methanol (95:5). No other metabolic products were detected. Identification of transformation products: Compounds I and II. The residue obtained from fractions 5 through 8 was recrystallized from benzene-hexane (bp 30 to 60°C). Two recrystallizations gave 37 mg of yellow needles. Thin-layer chromatography of a sample of the recrystallized material revealed that the major product was compound I, which was mixed with a small amount of compound II. Preparative thin-layer chromatography of the mixture gave 15 mg of pure compound I and approximately 1 mg of compound II. Compound I was conclusively identified as 1,4-naphthoquinone. The isolated product gave infrared, proton magnetic resonance, mass, and ultraviolet spectra identical to those given by a freshly sublimed sample of synthetic 1,4-naphthoquinone. In addition, the melting point (126°C) of compound I was unchanged when the substance mixed with the authentic material. Compound II gave an absorption spectrum and melting point identical to those of authentic 1,2-naphthoquinone.
Compounds III and IV. The residue from fractions 9 to 17 was sublimed under vacuum at 50°C for 4 h. The sublimed product (776 mg) was obtained in the form of needle-shaped white crystals that melted at 96 to 98°C (compound III). This melting point was not depressed upon admixture with a pure sample of synthetic 1-naphthol. In addition, the mass, proton magnetic resonance, and infrared spectra of compound III and 1-naphthol were identical. Compound IV was not recovered by this procedure. In a separate experiment, a mixture of compounds III and IV was obtained as described above. Each compound was obtained in pure form by preparative thin-layer chromatography. Compound IV was chromatographically identical to an authentic sample of 2-naphthol.
The ultraviolet absorption spectrum of compound IV was superimposable on the spectrum of 2-naphthol. In addition, when analyzed by gas-liquid and high-pressure liquid chromatography, the metabolic product showed retention times identical to those given with 2-naphthol.
To ascertain the ratio of 1-to 2-naphthol produced by C. elegans, a crude sample of the transformation products was treated with 0.25 ml of trifluoracetic anhydride and analyzed by gas chromatography. Comparison of the relative peak area indicated that the ratio was 96:4 (1-naphthol-2-naphthol). Compound V. Fractions 18 to 27 were pooled, and the solvent was removed, leaving 297 mg of a yellow oil. The oil was dissolved in a small volume of chloroform and applied to a neutral alumina column (35 by 2 cm) . The column was eluted with chloroform and 5-ml fractions were collected. Fractions 3 to 10 were pooled, and removal of the solvent gave 265 mg of a pale yellow oil. This material, when chromatographed in chloroform-acetone (80: 20) showed the presence of a single compound (Rf, 0.38). The absorption spectrum of compound V is given in Fig. 1 . Acidification of a methanolic solution of compound V resulted in 1-naphthol formation (Fig. 1) . The infrared spectrum of the naphthalene metabolite showed bands at 2.9, 3.4, 6.0, 6.3, and 13.0 ,um, indicating the presence of an aromatic ring in addition to hydroxyl, methylene, and ketone groups. Additional physical evidence provided by mass spectrometry (calculated mass for 12C,o0H1o'602, 162.0681; determined mass, 162.0680) and proton magnetic resonance spectrometry (Fig. 2) , which showed bands at 8 1.92 to 3.05 (m, 4H), 3.6 (bs, 1H), 4.95 (dd, 1H), 7.25 to 7.60 (m, 3H), and 7.95 (d, 1H), established the structure of the compound as 4-hydroxy-1-tetralone. The possibility exists that the metabolite is 2-hydroxy-l-tetralone. However, a proton magnetic resonance spectrum of a synthetic sample of this compound was different from that given by the product formed by C. elegans. Additional evidence was provided by treating compound V with chromic acid. The resulting oxidation product gave an identical ultraviolet absorption spectrum and was chromatographically identical to synthetic 1,4-naphthoquinone. The chemical properties of compound V were also in close agreement with those reported for 4-hydroxy-1-tetralone formed by the chemical oxidation of tetralin (31) and as a bacterial oxidation product of 1-naphthol (6).
Compound VI. The residue obtained from fractions 45 to 64 was recrystallized from petroleum ether (bp 30 to 6000). Two recrystallizations gave 63 mg of white needles that melted at 104 to 1050C. This melting point was not depressed upon admixture with a pure sample of synthetic trans-1,2-dihydroxy-1,2-dihydronaphthalene. In addition, acid-catalyzed dehydration (6 N HCl, 1000C, 15 min) of the dihydrodiol produced material with the ultraviolet spectrum and chromatographic properties of 1-naphthol (Fig. 3) . The infrared and mass spectra of compound VI were identical to those of synthetic trans-1,2-dihydroxy-1,2-dihydronaphthalene.
Careful examination (thin-layer chromatography) of the mother liquors remaining after crystallization and in crude extracts did not indicate the presence of cis-1,2-dihydroxy-1,2-dihydronaphthalene.
Quantitation of naphthalene metabolites. High-pressure liquid chromatography was employed to separate and quantitate each metab- olite produced from naphthalene by C. elegans (Fig. 4) . Extinction coefficients at 254 nm were calculated for pure samples of each metabolite, and these values were used to determine the relative amounts produced by C. elegans (Table  3) .
Metabolism of 1-naphthol and 1,4-naphthoquinone. Mycelial pellets of C. elegans were prepared as described previously and incubated with either 1-naphthol or 1,4-naphthoquinone (1-mg/ml final concentration). After 8 h of incubation, each culture filtrate was extracted with ethyl acetate. Thin-layer chromatographic analysis revealed that 4-hydroxy-1-tetralone (compound V) was formed from each substrate. The identity of compound V was confirmed by comparison of its ultraviolet spectrum with that given by 4-hydroxy-1-tetralone.
DISCUSSION
There have been several studies on the metabolism of aromatic hydrocarbons by fungi (4, 15, 16, 39) . These investigations suggest a biochemical relatedness between fungal and mammalian liver micrgsomes towards the monooxygenation of aromatic substrates. The hydroxylation of alkanes, fatty acids, and drugs (by fungi) has also been reported (12, 14, 17) .
Recent investigations indicate the presence of cytochrome P-450 in fungi (2, 3, 14, 16, 17, 32) . This evidence also demonstrates the simi-VOL. 34, 1977 on larity between fungal and liver microsomal systems in the metabolism of xenobiotic compounds. It has been well documented that mammals metabolize naphthalene to naphthalene-1,2-oxide, 1-naphthol, and trans-1,2-dihydroxy-1,2-dihydronaphthalene (11, 24, 26-28, 33, 34) . Naphthol arises from the intermediate naphthalene-1,2-oxide by spontaneous rearrangement, whereas the trans-naphthalene diol arises by enzymatic hydration. In contrast, bacteria metabolize naphthalene to cis-dihydrodiols by the action of a dioxygenase (7, 23) .
We have found that the metabolism of naphthalene is widespread among many genera of fungi (unpublished data). The organism used in this study, C. elegans, has a broad substrate specificity towards the oxidation of aromatic hydrocarbons. C. elegans can oxidize biphenyl, toluene, anthracene, phenanthrene, and naphthalene (unpublished data).
In this report the predominant metabolite formed from naphthalene oxidation was 1-naphthol. The ratio of 1-naphthol to 2-naphthol supports the hypothesis that naphthalene-1,2-oxide is the precursor of these phenols. Also, the formation of the trans-naphthalene diol further supports the prior formation of an arene oxide.
The metabolite 4-hydroxy-1-tetralone was produced by C. elegans incubated in the presence of naphthalene. This metabolite was also formed when replacement culture experiments were conducted with l-naphthol and 1,4-naphthoquinone. Further studies will indicate whether the reactions require either nicotinamide adenine dinucleotide (35) or nicotinamide adenine dinucleotide phosphate (5) as an electron acceptor.
From the data presented in this paper we propose the metabolic sequence illustrated in Fig. 5 for the oxidation of naphthalene by C. elegans, although alternative routes may be envisioned. For example, Schifer-Ridder et al. (37) have suggested that the biological oxidation of naphthalene could occur by the formation of naphthalene-1,4-endoperoxide. Reduction of the latter compound would yield 1,4-dihydroxy-1,4-dihydronaphthalene, which could be metabolized to 4-hydroxy-1-tetralone. Research is now in progress to determine the exact metabolic pathway and to characterize the enzyme systems responsible for these reactions. We thank Lou Kapicak for the gas chromatographic 
